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Background: The limitations of functional electrical stimulation (FES) cycling directly affect the health 
beneﬁts acquired from this technology and prevents its’ full potential to be realised. Experiments should 
be done on a test bed which can isolate and focus only on one muscle group, namely the quadriceps. 
The aim of this work was to design and develop an isokinetic robotic leg extension/ﬂexion dynamometer 
which can mimic knee joint motion during actual cycling to be used for evaluation of novel functional 
electrical stimulation strategies. Although the main motivation for development of the dynamometer was 
for application in FES studies, it has the potential to be used for various different muscle physiology 
studies. 
Methods: A feedback control system with integrated electrical stimulation for isokinetic knee joint torque 
measurement has been developed and tested for safety and functionality. The leg extension/ﬂexion device 
was modiﬁed and equipped with a DC motor drive system to imitate isokinetic knee joint motion during 
cycling when the hip joint remains ﬁxed. Real-time bi-directional effective torque on the lever arm was 
measured by a magnetostrictive torque sensor and a load cell. Closed-loop motor control system was also 
designed to mimic the cyclical motion at desired angular velocity. 
Results: A functional model of the robotic dynamometer was developed and evaluated. The dynamometer 
is capable of simulating the knee angle during cycling at a cadence of up to 70 rpm with range of motion 
of 72 ◦. The magnetostrictive torque sensor can measure torque values up to 75 Nm. The lever arm can 
be adjusted and the target knee angle was controlled with RMSE tracking error of less than 2.1 ◦ in tests 
with and without a test person, and with and without muscle stimulation. 
Conclusions: The isokinetic knee joint torque measurement system was designed and validated in this 
work, and subsequently used to develop and evaluate novel muscle activation strategies. This is important 
for fundamental research on effective stimulation patterns and novel activation strategies. This will, in 
turn, enhance the eﬃciency of FES cycling exercise and has the potential to improve the health-beneﬁcial 
effects. 
© 2019 The Author(s). Published by Elsevier Ltd on behalf of IPEM. 
This is an open access article under the CC BY-NC-ND license. 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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20Notation and Abbreviations: θ , Knee angle; θ ∗ , Desired knee angle; e , Error 
( θ ∗ − θ ); C ( s ), Linear Compensator; ω ∗ , Desired angular velocity; ω m , Measured 
angular velocity; e m , Error ( ω ∗ − ω m ); C m , Linear Compensator, motor control; u m , 
Control signal, motor control; M , Motor; d , Disturbance; P o ( s ), Nominal plant; A o ( s ), 
Polynomial (plant denominator); B o ( s ), Polynomial (plant numerator); k , Steady- 
state gain; τ , Time constant; ( s ), Characteristic polynomial; ω n , Natural frequency; 
T s , Sample period; τ s , Measured torque sensor value; τ l , Measured load-cell value; 
τm , Measured motor torque; F l , Leg force; F c , Chain force; P m , Measured overall 
power. 
∗ Corresponding author. 
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1350-4533/© 2019 The Author(s). Published by Elsevier Ltd on behalf of IPEM. This is an
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) . Introduction 
Functional electrical stimulation (FES) is a technique to evoke
ontractions in paralysed muscles by applying electrical impulses
o motor nerves [1] and it is used as part of the rehabilitation pro-
ramme for individuals with spinal cord injury (SCI) for functional
mprovements such as muscle strength [2,3] . FES cycling, one of
he applications of this technology, achieved by functional electri-
al stimulation of paralysed leg muscles promotes various phys-
ological and functional improvements in paralysed limbs [4–6] .open access article under the CC BY-NC-ND license. 
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qince lower-limb FES cycling elicits a low cardiovascular response,
here are two possible ways forward: the ﬁrst is to use knowledge
ained from the new device to optimise and enhance the aerobic
esponse from lower-limb cycling (this is the focus of the present
ork); the second is to introduce the arms to give hybrid leg-arm
xercise. FES leg cycling is often combined with voluntary arm
ranking [7,8] which gives higher oxygen uptake than leg cycling
nly. Lower-limb FES cycling has been shown to improve cardio-
ascular and respiratory function [9–11] body composition, muscle
ass [12] , bone mass [13] and life quality after spinal cord injury
14–18] . 
Although FES cycling has a variety of health beneﬁts and brings
ubstantial advantagefor people with SCI, various studies high-
ighted its current limitations [19–24] and showed that the full po-
ential of this technology has not yet been achieved. In order to ad-
ress these limitations, new activation patterns were investigated
hen the subjects were in a ﬁxed seating position and perform-
ng isometric exercise; thus, there is a need for isokinetic mea-
urements using a dynamometer, which better matches dynamic
ycling exercise. 
Existing commercial dynamometer systems generally do not in-
egrate FES, and are not speciﬁcally designed to mimic knee-joint
ynamics typical of recumbent cycling. Available devices include
ystem 4 Pro (Biodex Medical Systems Inc., USA), Humac Norm
Computer Sports Medicine Inc., USA) [25] , Genu PLUS (Easytech
LC, Italy), S2P dynamometer (S2P, Science to Practice Ltd., Slove-
ia) and the Motionmaker (Swortec SA, Switzerland). Apart from
he Motionmaker, these dynamometers are not equipped with FES
timulators, but Motionmaker is not able to mimic cycling motion
t a typical cycling cadence. Although the mentioned commercial
evices can be modiﬁed with an FES stimulator to be used for ex-
eriments, a custom made isokinetic knee dynamometer equipped
ith FES stimulation and sensor technology is needed for cost-
ffective solution (the cost of the device presented here was ap-
roximately CHF 30 0 0). 
The aim of this work was to design and develop an isoki-
etic robotic leg extension/ﬂexion dynamometer which can mimic
nee joint motion during actual cycling to be used for evaluation
f novel functional electrical stimulation strategies. Although the
ain motivation for development of the dynamometer was for ap-ig. 1. Isokinetic knee joint torque measurement system (knee dynamometer). (a) Device
uadriceps. lication in FES studies, it has the potential to be used for various
ifferent muscle physiology studies. For example, it could be used
o investigate the relationship between muscle size and strength
26] , age-related effects [27] or changes in muscle strength after
eight reduction [28] , leg dominance effects [29] and also for cor-
ical bone studies [30] . 
. Methods 
A novel isokinetic knee joint torque measurement system (knee
ynamometer) was designed and constructed. Mechanical, elec-
rical, feedback control and electrical stimulation systems for the
sokinetic knee joint torque measurement system were developed
nd the system was tested for safety and functionality. 
.1. Equipment 
A seated leg extension/curl bench (RLE-382, Tuffstuff Fitness
nternational Inc., USA) was used as the base frame of the dy-
amometer to ensure safety, comfort and durability. The base was
hen modiﬁed and equipped with an actuator system to move the
egs by imitating isokinetic knee joint motion during cycling when
he hip joint remains ﬁxed, and with an FES system ( Fig. 1 ). 
The actuator system is composed of a brushless motor (EC45,
50 W, Maxon AG, Switzerland) and a planetary gear-head (GP52C,
axon AG, Switzerland) with a gear ratio of 156:1. The actuator
ystem is connected to the lever arm via a chain drive system. The
ever arm is placed in the middle of the seat (i.e., between the test
erson’s legs) to be able to attach and move each leg separately
nd independently. To obtain a target knee-joint angle (knee ex-
ension angle, 180 ◦ when fully extended) trajectory which mimics
ctual cycling, the range of motion of the lever arm was obtained
rom the recumbent tricycle by using a basic goniometer and 2D
arker based tracking of knee joint during cycling ( Fig. 2 ). The
eating position of the ergometer can be manually adjusted in or-
er to match the seating position in recumbent cycling. 
The actuator system can generate a maximum continuous
orque of 48.52 Nm. This value is then increased to a maximum
orque value of 80 Nm with gear ratio of the sprockets (40:24) in
he chain drive system. Typical cadence values in FES-cycling are and components. (b) Device with test person with surface electrodes on the right 
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Fig. 2. 2D Marker-based tracking graph for knee angle detection during cycling. 3 different knee position (A, B, C) on the trike (142 ◦ , 74 ◦ and 120 ◦) are marked on the graph. 
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C  up to 50 rpm, and the knee dynamometer was designed to control
to an arbitrary cadence value above and below this range. 
2.2. Sensors 
A magnetostrictive torque sensor (Series 20 0 0, NCTE AG, Ger-
many) is placed in between the actuator system and the chain
drive system to reduce the mechanical friction disturbance in
torque measurement. By that, the actuator system can apply the
needed torque (for resistance or support) without any interaction
with the sensor. The torque sensor is used to measure the effective
torque applied on the pivot arm in real time during both isoki-
netic motion and rest phase. The torque value was cross calibrated
with a load cell (LCB130, Transmetra, Switzerland) and motor cur-
rent values. An analogue position sensor (Vert-X, Contelec AG, Ger-
many) is used for angle measurement with a resolution of 0.648 ◦.
For critical measurements, the resolution can improved to 0.004 ◦
by using hall sensors in the actuator. The magnetostrictive torque
sensor can measure torque values up to 75 Nm at 10 0 0 Hz with
an accuracy of 1 % and 0.05 % repeatability (manufacture’s data). 
2.3. Feedback control model 
A software program was developed for isokinetic torque mea-
surements and for real time feedback control of the target knee-
angle trajectory. The user interface was implemented with a Mat-ab graphical user interface (GUI) module and the movement is
ontrolled with a Matlab/Simulink model (Mathworks Inc., USA).
losed-loop control strategy is implemented to generate the de-
ired isokinetic motion. Analog and digital ﬁlters are used for ac-
urate, noise free measurements. 
Real-time acquisition of input and output signals, as well as sta-
istical analysis of the data are carried out by the custom-made
oftware program. All raw and ﬁltered parameters are stored for
uture use. The control model diagram can be seen in Figures 3
nd 4 . 
The nominal plant that is used for mathematical derivation and
alculation of the controller is denoted P o ( s ). This transfer function
inks the target angular velocity and measured position (angle) of
he lever arm. This relationship is simply an integrator, thus 
 
∗ → θ : P o (s ) = B o (s ) 
A o (s ) 
= k 
s 
. (1)
ere, the polynomials A o ( s ) and B o ( s ) are deﬁned as A o (s ) = s and
 o (s ) = k, the latter representing the integrator gain. In order to
xactly compute the parameters of the linear, time-invariant com-
ensator C ( s ), a pole-assignment design approach was followed.
he compensator transfer function C ( s ) was constrained to be
trictly proper in order to achieve gain rolloff as frequency in-
reases. C ( s ) thus had the form 
(s ) = G (s ) 
H(s ) 
= g 0 
(s + h ) (2)0 
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Fig. 3. Knee dynamometer control diagram. Measured values (sensor torque, τ s , load-cell torque, τ l , motor torque, τm ), calibrated real torque value ( τ r ), angular velocity 
( ω e ), knee angle ( θ ), measured power ( P m ), force values (chain force, F c , leg force, F l ). 
Fig. 4. Knee dynamometer control block diagram. Speed control, which is imple- 
mented in the motor controller, is in the dashed box. The effective controlled plant 
includes the speed control block and an integrator. 
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t  here the real coeﬃcients g 0 and h 0 are to be determined follow-
ng the pole assignment approach. It is readily observed that the
olynomials G ( s ) and H ( s ) are G (s ) = g 0 and H(s ) = (s + h 0 ) . Be-
ause the plant naturally includes an integrator, the compensator
oes not require to contain integral action. The characteristic poly-
omial of the feedback system of Figure 4 , ( s ), is 
(s ) = s (s + h 0 ) + kg 0 . (3)
hus, since the degree of  is 2, the general form of  is 
(s ) = s 2 + φ1 s + φ0 (4)
nd the coeﬃcients φ0 and φ1 are determined by arbitrary place-
ent of the two closed-loop poles in the s -plane. Here,  was set
ccording to the damping ratio ζ and natural frequency ω n , giving
(s ) = s 2 + 2 ζω n s + ω n 2 . (5)
he unknown controller parameters g 0 and h 0 are then determined
y matching coeﬃcients of equal powers in s in Eqns. (3) and (5) ,
 0 = 2 ζω n , g 0 = ω 2 n /k. (6)
hen ζ is close to 1, natural frequency ω n is related to rise time
s ω n = 3 . 35 /tr. In the following, critical damping with ζ = 1 is
mployed. The rise time was set to t r = 0 . 2 and the plant gain is
 = 1 . From Eqs. (2) and (6) , the compensator is (s ) = ω n 
2 /k 
s + 2 ζω n (7) 
The accuracy of feedback control of the target knee-joint angle
as quantiﬁed using RMS tracking error, 
MSE = 
√ 
t 1 ∑ 
t= t 0 
(θnom (t) − θ (t)) 2 (8) 
here θnom ( t ) is the simulated position, obtained using the nomi-
al model and the calculated feedback controller, and θ ( t ) is the
ctual measured position value. t 0 and t 1 are the start and end
imes of the RMS tracking error evaluation period. 
.4. Stimulation 
An 8-channel stimulator (Rehastim, Hasomed GmbH, Germany)
as integrated and synchronised with the dynamometer system.
he stimulation parameters that can be adjusted in real time
sing Rehastim science mode are: amplitude (0–127 mA), pulse
idth (0–500 μs), number of channels (1–8), frequency (0–100 Hz)
nd stimulation mode (singlet, doublet, triplet). Parameters can be
irectly set manually by using the graphical user interface or au-
omatically within the Simulink control model in real time. In or-
er to avoid problems caused by instantaneous changes in stimula-
ion parameters, all parameters can be gradually changed (ramped
p/down) over time. The ramp time can be set manually before
ach experiment and/or in real time. 
To illustrate a typical power-output analysis during tests to
valuate new stimulation strategies, mechanical power output was
ssessed with a short-term test where the test person was stim-
lated using 2 channels and surface electrodes attached to motor
oints on the right quadriceps. Motor points were found with a
otor point pen during a familiarisation phase. 
Different stimulation patterns such as stochastically-modulated 
nter-pulse intervals (IPI), spatially distributed sequential stimu-
ation (SDSS) electrodes and variable amplitude and pulse-width
rains can be set for each stimulation phase. Stimulation was ac-
ive only during the leg extension phase of the exercise, where
104 E.A. Aksöz, M. Laubacher and R. Riener et al. / Medical Engineering and Physics 73 (2019) 100–106 
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w  the angular velocity is positive and the angle of the lever arm is
within the stimulation angle range. This can be adjusted arbitrar-
ily depending on the range of motion of the lever arm. Usually,
during cycling motion, the quadriceps are stimulated slightly later
than the start of the knee extension phase. The default stimulation
range is thus set with a 10 ◦ offset. 
2.5. Measurement protocol 
To illustrate a typical power-output analysis during tests to
evaluate new stimulation strategies, mechanical power output was
assessed with a short-term test where the test person was stim-
ulated using 2 channels and surface electrodes attached to motor
points on the right quadriceps. Motor points were found with a
motor point pen during a familiarisation phase. Stimulation param-
eters including pulse width, amplitude, and frequency as well as
angular velocity, torque and angle of the lever arm are saved with
a sample time of 0.01 s. The date of the experiment and details
on the test person are collected from the graphical user interface
of the simulink model. All raw and ﬁltered sensor data are saved
separately for further evaluation. 
To demonstrate the function and performance of the system,
a series of experiments with an able-bodied test person are re-
ported here. The feedback control system was tested and, in dy-
namic tests with three different conditions, RMSE tracking errorwas calculated. t  
Fig. 5. Dynamic test with angular velocity controller. Condition (A) shows the results of 
and no stimulation and condition (C) with a test person and stimulation. . Results 
Under test condition A, the lever arm was moved without the
est person and followed the target angle with RMSE tracking er-
or of 1.7 ◦. During the tests with the test person who remained
assive, the position control system had RMSE tracking error of
.9 ◦ without stimulation (condition B), and lastly test condition
, where stimulation was used (stimulation parameters: 100 μs,
0 mA, 35 Hz), the feedback control system followed the desired
osition with RMSE tracking error of 2.1 ◦ ( Fig. 5 ). The range of mo-
ion of the lever arm was found to be 74 ◦–142 ◦ from the manual
oniometer measurement and position tracking. 
Power output was measured during assisted knee extension:
igure 6 shows the average power curve from the measurement
Stimulation parameters: 100 μs, 40 mA, 35 Hz, time: 6 min). The
ean power ( P mean = 22 W) and the peak power ( P peak = 47 W)
an be measured for each extension or as an average. 
. Discussion 
The aim of this work was to design and develop an isokinetic
obotic leg extension/ﬂexion dynamometer which can mimic knee
oint motion during actual cycling to be used for evaluation of
ovel functional electrical stimulation strategies. 
The range of motion of the knee joint (72 ◦) during cycling
as precisely measured during recumbent cycling and successfully
ransferred to the dynamometer. Position controller design wasthe experiment with no test person on the device, condition (B) with a test person 
E.A. Aksöz, M. Laubacher and R. Riener et al. / Medical Engineering and Physics 73 (2019) 100–106 105 
Fig. 6. Power curve during knee extension with 6 min of stimulation of one leg. Mean power ( P mean ) and peak power output ( P peak ) are marked with dash-dot line and 
dashed line, respectively. Stimulation pulse-width was 100 μs and the amplitude was 40 mA during the experiment. Blue solid line shows the mean power curve, dashed 
lines are bounds showing the minimum and maximum measurements. The shaded area shows the angle range when the stimulation was on. 
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oased on a simple plant model to mimic the cycling motion ac-
urately and the device functionality was dynamically tested with
nd without a test person on the device, and with/without stim-
lation. The feedback control performance was tested across the
ange of different conditions and it was proved to be accurate and
obust. RMSE tracking error of the feedback control system was
alculated and demonstrated precise position control of less than
round 2 ◦ under all conditions tested. 
The safety of the device was assured by using mechanical
rakes, emergency stop buttons and excessive torque monitoring
nd prevention systems. Actuator and chain drive systems were
esigned as back-drivable, which is crucial when the motors shut
own because of any possible error. By using position and angu-
ar velocity measurements, electrical stimulation is enabled only
n the desired range of stimulation angle. When a problem occurs
ecause of the surface electrodes, the stimulator’s internal safety
ystem activates to stop stimulation in order to prevent electrical
ulses to reach the muscle groups. Also, the graphical user inter-
ace of the control model was designed to give error feedback be-
ore and during the tests to inform the user. 
The dynamometer had been used as a test-bed in various sep-
rate studies to assess new activation patterns and novel electrode
onﬁgurations to optimise the eﬃciency of FES cycling. The effect
f stochastic modulation of inter-pulse intervals was investigated
ith experiments carried out on the knee dynamometer [31] .
even able-bodied test persons were tested on the device and
echanical power output was compared during 3 min stimulation
ith constant and 3 min randomised IPI. Statistically signiﬁcantly
igher power output values were observed during randomised IPI
timulation. Spatially distributed sequential stimulation was also
ested in a dynamic knee-extension task and signiﬁcantly higher
ower output and reduced fatigue were observed [32] . Lastly,
roximally and distally placed spatially distributed sequentialtimulation electrodes were compared by using the knee dy-
amometer [33] and outcomes suggested no signiﬁcant difference
etween those two different strategies. 
. Conclusions 
An isokinetic knee joint torque measurement system was de-
igned and validated in this work, and subsequently used to de-
elop and evaluate novel muscle activation strategies. This is im-
ortant for fundamental research on effective stimulation patterns
nd novel activation strategies. This will, in turn, make FES cycling
 more eﬃcient rehabilitation technique and has the potential to
mprove the health-beneﬁcial effects. 
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